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MODELING THE TRANSPORT AND FATE OF MERCURY IN AN URBAN LAKE
(ONONDAGA LAKE, NY)

E.A. HENRY', L.J. DODGE-MURPHY', G.N. BIGHAMz, and S.M. KLEIN2

'm ~ SDWc,s. ]6()] n..,.Io RSJIItl. W.1lAmR. M.4 0,/]'4. lMIt'm ~I ~nica.
1'315 SE .DA Pl«r. Stdrr 250, ~, 'WA 981»7

A~d. A n8SS b8IaiM:I: model was devdoped 10 silaJlalc mercwy (H,) cycli,. ill OlM)lMiap Lake, N- York. MERC4.
& U. S. EnVUUGlDCllIaI PIOteo:rion AaeIK:Y DXIdeI o( Ibe Plys~ HId bioaeadlCmlcaJ IraasIXKt ~ aranafomlaliOD II( "I. was
DIOdifICd by dte addilioa of iDpul (_cwo ~I models (M BkIe~CI Modell aM & lake euaopbicalioll.modeI)
10 8)dd - ~ or HI - .. ... 01 ~ aMI 6*. ~ model ~ .. c~el*atiOlJs of mill HC.
--kKtaIry. eJemcldal HI, aD! ;oaK: "I iD ~ disIOlYc.l aM ,.".,..a- fonIII iD - _er CG--. 1be ~I was
calmmla1ro ID ~.e daIa lei of ~nI1y .-I sp.any variaIK H8 ~~ iD o d8p Lake ia 1992. tn
addition 10 swxIaJd mnsport processes of ad.ec:tion aNI diS{lersion i~luded ia MERC4, die 0tKJ..s&1& ~ Mcrr;ury ~I
iDCludc5 Rmincmizalioll ID slmul.~ release ,,( HI from selllina )8rhcllJa1e5 be(OJl incorpnraoon inlO Jedimenr. The model
provides aD aaalyUca' (ramework for Wllkmandilll .tM1 ~iclil\l die bdlavior of "I in Ono~la Lakc UMI bas polcnliaJ
use iD evalual8'l - n:IIOYc ~I .,.. dirrc~nl $OUn:c cooavI 11M! Rmedial aI~TMlivcs.

I. _IDII'oductlon

As the undC1'Standing of ~rcury (H B) cycling in !be eDviromDent has evol ved. several attempts have
been made to model these dynamic processes. For example. Hurls (1991) developed a nKJdellhat
foUows Hg cycling in aquatic systelJlS and the Electric Power Resean:h InStitute developed the
Mercury Cycling Model (Tetra Tech, 1992; Hudson d aI., 1992) to examine Hg cycling in
Wisconsin s~e lakes. "Both models are dynamic, mechanistic. IDaS& balance models. Recently.
the kinetic subroutine penioent to HI from the Mercury Cycling M<xkl was iIK:Orporated Into
WASP4 (WMer ~ly Analysis Simulation ~nm; {.T.S. EPA. 1991). The multing model,
MERC4 (ASci, \ 992); can simulate Hg cycling (bUl not bioaccumulation) in I vanery of aquatic
syslems(e.g.. rivers, lakes, estuaries).

The OnoriDaga Lakc Mercury Model (OLMM) was developed as pan or a lar&e remcdial
investigation IJx1 feasibility srudy of ODODdaga Lake, New York, a slightly alblioe. bypereutropbic
lake which received historical discharges of HI from two HI-cell chloralbli planls. One PUTpOsc
of the OLMM was to provide an analyti~ fr~rt for undcrstauding and predicting the behavior
of Hg in Onondaga Lake. MERC4, the principal model in tbe OLMM, was modified to be
~upp<:\rtoo by the Fi3h BioeDergetics Model 2 (FBM2) (Hewett aDd Johnson. 1991) to track Hi in
rashes, aJK1 a lake elJUopbication model (HydroQual, 1994) to estimate phytoplankton popu1ations
and settling rates.

This paper describes construction or thc OL.\.fM and resultS of its calibration to an extensive data
set from the 1992 Onondaga Lake field investigation (Henry et ai., 1995; Jacobs et al.. 1995).
Bioaccumulatlon is only bpeny described because final calibration is incomplete. Bioaccumulation
in the OLMM will be described in more detail in a later publication.

Warer.Air. diad Soil PoUraion 80: 489-498. 1995.
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3. Development of tbe OaoDdaga Lake Mercury Model

3.1. SEGMENTAnON

Onondaga Lake was conceptually divided inlo 3 segments 10 reprcsdt different water column
regimes. These regimes are 1) the littoral zo~ (i.e., !be nearshore epilimoion in contact with lake-
bottom sediments. 2) Ihc pelagic ~ (ie.. tbe epilimnion underlain by the hypolimnion), and 3)
the profunda! zone (i.e.. me hypolimnion underlain by profunda! sediments). Environmenta1
coIMiilions and HI transfonnatioo rates may differ in exh of these Rgux:nts.

3.2. TRANSPORT

3.2.1. Ad~riOft
A water baJarx:e for Onoooaca Lake was computed using the weckly averages of ox:asural tributuy
inflows (Henry ~t 01., 1995), estimated evaporation, ~red precipitation in Syr~ (NOAA,
1992), estimated growMiwMer inflow, aIxI estimated chaoCCS in the lake vol~ based oa the surface

area of me lake and me elevation of the lake recorded by me U.S. GeoIo8ical Survey (USGS,
1993). Groundwater contributed 0.3 percent of total waler inflow and was omitted from me water
balalx:e. The excess water was assigned as outfJow to the Seneca River. All outflows werecalculated to be positive. -

SurfM:C water inflows, with the exceptionorNinemile C~, enter the linoral scgmcnt and mix
with !he pelagic seglDeot. Because of its high chloride CODteDt and resulting elevated density
(HydroQual, 1994), flow from Ninemile Creek is specified to enter the lake by way oftheprofundal
scgmcnt to simulide plunging. The lake outflow leaves throuAh the littoral segment.

3.2.2. DispUJion
Di5perlive miKing be1wcc:n !be profuooal and pelagic SC~IS in dte OLMM is used 10 simulaie
spring and fall romoyer and summer stratification. Incrcased miAinl coefficients arc specified
durinl turnover to Deall)' homogenize the epihmniol1 aod hypolimnion. Decreased mixina is
specified during strafificauoo 10 ~\.:e mixing ~ross the thcnnocline. As a result, the
concenlratioR-of Hg increases in !he profunda! segment simulating the concentration incre~e in the
hypolimnion observed in the 1992 data (J~s,., al., 1995).

323. Sl'nling
The settling and deposilion of Ihree types /}f panicles are specified in thc OLMM. These paniclts
represent inorganic (fluvial) solids. pbytoplaakloD. and detritUs. No eltimatcs of resuspension were
avai1~Ie: tbtrefore. a - serl.ling term was used based on data from sediux:nt craps deployed in both
the pelagic aDd profunda] mnes of the lake (Hcmy ~I al.. 1995). Settling rates of inorganic
panicles were estimated from mass accumulalion rates in sedirnenl ~ aDd tOtal suspended solids
coocenuations in !be overlying Water. The esti~cd settlmg rates of phytoplankton and detritus
were providaJ by the eutrophication model of Onondaga Lake (HydroQual, 1994). Final sctlling
rates were adjusted during calibration.

3.2.4. R"m;Mralizat;on
Remineralization is defi~ in the OLMM as the release-of HI from settling panM:les in profundal
water close to lhe sediment-water intcrfacc- Hurley el al. (1994) have described this process (or
Uule Rock Lake. Wisconsin. Remincralization of Hg in 0n0nda,1 Lake is supponed by the
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comparison of gross and net Hg sedimentation as discussed in Henry ~t aI. (1995). Resuspcnsion
of bottom sediments can also result in greater gross than sedimentation; however. resuspension was
considered insignillCant in the profunda} waters of Onondaga Lake where the water column is
quiescent in this region. A temporally variable recycling fraction is applied to each type of panicle.
Rccycl"ing fractions were adjusted during ca1ib~on.

3.3. LoADs,

Tributaries, sediments, groundwater, and annospheric deposition all contribute Hi to Onondaga
Lake. The contribulion of each was calculaled from field data, experimental dala, and literature
(Henry et al., 1995). AU Hg loads, except dissolved flux from sediment, were specified as fixed
inputs. Although Hg release from the sediment Is likely to be dependent upon factors that attecl
the rate of Hg methylation (e.g., dissolved oxygen co~TatioD). there are insufficient data from
Onondaga Lale to characterize this functional relationship. As a result, fluxes of Hg from scdimeot
were adjusted during calibration.

3.4. MnCURY KINETICS

MERC4 recogni~ four types of Hg (i.e., elemental, methyl-. ionic. and incn) to model Hg
cycling. However. the distinction between ionic (i.e.: reactive) and inen (i.e., non-reactive) Hg
is highly dependent on the analytical technique-used to make thc mtaSUrement (Bloom, 1994). In
addition. the implications of Ibis distinction on Hg rransfomtation processes in the environment are
unknown. Therefore, thc -reactive- and -Don-reactive" fracti9ns (both available from the
Onondaga Lake data sct) were combined into a single Hg t)-pe (hcreaftcr rcfcrted to as ionic Hg)
fOT the modeling effon. In this paper, ionic Hg refcrs to all Hg species. with the exception of
elemental Hg. CH~g. md dimethylrnercury [(CH~:Hg] which can bc mcasurcd directly_The
values for inion Hg were derived as follows:

H~ - H~ - [elemental Hg + C~g + (CH»:Hg)

The Hg crcle used in the application of MERC4 to Onondaga Lakc is presented in Figure 2.
Three Hg spccies (i.e.. elemental. mcthyl-, and ionjc) are mockled. The model includes two
transfonnations between species (net methylation and reduction), sorption If) three panicle types
(fluvial, phytoplankton, and detritus), omd volatilization. BecaWie there are no site-specific data on
the concentrations or equilibrium COJlStants for Hg complexes (e.g.,. with chloride, sulfide.
hydro.xide) and littlc information on the participation of these complexes in transformation reactions
or sorption equilibria. each Hg spccies is cODSide~ as a pool of various complexes. All members
of a pool are presumed to participatc equally in any transfonnation or sorption/desorption processcs.

3.4.1. Transformation
Two transformations between Hg species are explicitly modeled. The concomitant processes of Hg
methylation and methylmClCUIy (CH]Hg) demctbylation were combined as net Hg methylation.
While the two processes ~ he differentiated analytically (Furutani and Rudd. 1980; RamIal et al. ,
1986), the currenr ~thod of choice for measuring methylation rates (Gilmour. 1995), which was
U.!ed in Onondaga l..ake (Henry eI aI., 1995), yields an estimate of net CH)Hg proOO~ion. Based
on the literature (Winfrey and Rudd. 1m; Gilmour and Hemy. 1991) and experimental data (Henry
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FiB 2 Simplified nxn:ury cy..JiQI in ~ Oooadlla Lake MelCUry Model

~( al.. 1995). qel mCctb.)'lalion is modeled as increasing with temperature and occurring at low
dissolved oxygen concentrations (in the hypolimnion). The rate of methylation of ionic Hg was
adjusted during calibration until model calculations of methylation on a volumetric basis compared
well with expC'rimental observations made In Onondaga Lake during 1992 (Henry ~l al., 1995).

Rtduclion of ionic Hg to clemcntal Hg is modeled as increasing with temperature and occurring
under oxic conditions (in the epilimnion). The rate of reduction was adjusted during calibration so
that calculated concentrations of elemental Hg most effectively simulated observed elemental Hg
concentrations.

Otfier cnvironmental characteristics in Onondaga Lake that may influence mclbylatjon and
reduction rates in the water cnlumn (e.g., pH, organic carbon, ionic Hg speciation) were not
inciuded in the water-column methylation reaction. Insufficient site.-epecific or literature data were
available to distinguish the form of the nmctional rclationship (if any) betwccn these parameters and
the rate of CH,Hg production in Onondaga Lake.

3.4.2. Sorption
A site-specific panition coeffici~nt for CH)Hg. in phytoplankton was directlywmputed from ficld
data by dividing the CH"Hg concentration in phytoplanl;cton by the dissolved CH,Hg: concentration
in water. Other site-specific panitwo coefficients (CH)Hg-fluvial solids, CH~g-detritus, ionic Hg-
fluvial solids, ionic Hg-detritw) were indirectly estimated from field data by dividing the paniculatc
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TABLE II
Total DMrcwy W lBellayl~1CIuy nux from OaoDdaga Lake sed~nu

C~1ioD iD
0...4 cm scdimcot" ~ (.g;;-4ay)Dissolved

oxyccaia
overiyina waICs8
(m8/L)

Total
_laiTYSia MedlYI~ury

I
:~"
!t

:t

!I~

:~.

l

2.9

T ocaI m£rI:Wy

(mcrq dry)
Meeybncrcul)'
(Pl/kl dry)

S73A

S90A

2.6

NAe

1.08*.0.03

1.2.5:tO.07

4.87;tO.48

3.71%0."

'.1%1.1

5O:t;%Z

NA - oot aDaIyu.l. Avcraae duri88 COIme of experlmeDI.
~ Values am means :t; 51u.Iard enor. N=3unless nored.
. Simples conakled aD avCr8Jc of 0.68 ,.mol sulfide/I..

Final calibrations Cor total Hg and CH.-f!g in both total (i.c., unfillettd) and dissolved (i.e.,
fillen:d) folmS are illustrated in Figures 3 and .., respectively. Data ranges for the hypolimnion
reflect the large total Hg and CH)Hg concentration differences between the thennoctine and the lake
bottom. With tWo exceptions. the model simulates the average epilimnelic and hypolimnelic Lolal
Hg and CHjHg concentrations. First. the calculated hypolimneljc coocentrations of total Hg (Figure
3) and ionic Hg (not shown) in early spring do not increase to the levels observed in lbe 1992 data
sel. The elevated total Hg and ionic Hg concentrations observed in April may be the ~'Jlt of
spring runoff or lLneXiuJiiDed mereury cycling proCesses (e.g., settling of particles> occurring during
wintcr'months. Neither Calculated nor observed CH3Hg CODCcntratWns are elevatcd in April,
suggesting \bet little methylation occurs in winter when the water column is aerobic (Walker, 1991).

Second, the model slightly undercalculates the observed epilimnetic concentrations of lotal Hg
(Figure 3) and ionic Hg (not shown) during stratification in late summer. Greater mi~ing between
the epilimnion and hYpcllimnion at the cod or summer v,'ould alleviate tbe discrepancy. However.
it wol.!ld also aggravate the overcalculation of CH)Hg in the epilimnion during this same period
(Figure 4). The reasons for thcse two exceptions may become clear wilh furlher dau collection
and/or model calibration.

S. Conclusions

The OLMM effectively simulates the concentrations or Ilg species and provides a framework for
undersranding important processes involved in Hg cycling in Onondaga Lak~. A real strength of
tbe modeling effon was the ability to calibrate the model to an cxlensive data set from,the 1992 field
investigation. In addition, the ability to model the transPort and fate or solids and the. inclusion of
remineralizatioD 10 simulate release ofHg from settling particles ~'ere valuable aspects of the model.
Thc model is general enough to be applicable 10 other systems, givcn appropriate data. The OLMM
will be used to evaluate the rolalivc impacl of different soun:e control and remedial allernatives.
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